Short interspersed repetitive elements (SINEs) have been shown to be excellent markers of molecular phylogeny, since the integration of a SINE at a particular position in a genome can be considered an unambiguous derived homologous character. In the present study, we isolated a new family of SINEs from cichlids in Lake Tanganyika, whose speciation and diversification have been regarded as prime examples of explosive adaptive radiation. Members of this new SINE family, which we named the AFC family, are about 320 bp in length, and each has a tRNArelated region in its 5Ј region, as do most of the members of SINE families reported to date. A dot blot hybridization experiment showed that this family is distributed extensively in the genomes of cichlids in Africa, with estimated copy numbers of 2 ϫ 10 3 -2 ϫ 10 4 per haploid genome. Our investigations of the patterns of insertion of members of this family at six orthologous loci demonstrated clearly that four previously identified tribes, namely, the Lamprologini, Ectodini, Tropheini, and Perissodini, each form a monophyletic group. These results provide a basis for the elucidation of the phylogenetic framework of the cichlid fishes in Lake Tanganyika.
Introduction
It has been estimated that there are more than 1,000 species of cichlid fishes (Teleostei: Cichlidae; Stiassny 1991), and up to 70% of these species are distributed in lakes and rivers in Africa (Fryer and Iles 1972, p. 17; Greenwood 1984 Greenwood , 1991 . Most African cichlids are restricted to the African Great Lakes, namely, Lakes Victoria, Tanganyika, and Malawi. The fish in each lake exhibit remarkable morphological, behavioral, and ecological diversity, and it is particularly noteworthy that almost every individual species of cichlid is endemic to a single lake (Fryer and Iles 1972, pp. 14-52; Greenwood 1984 Greenwood , 1991 Coulter 1991a; Ribbink 1991) . This observation indicates that most of the extremely diverse cichlids must have arisen within each of the three lake basins both independently and from a relatively small number of ancestral species. Therefore, these fishes have long been regarded by evolutionary biologists as excellent examples of explosive adaptive radiation (Futuyma 1986) . Lake Tanganyika has been estimated to be 9-12 Myr old (Cohen, Soreghan, and Scholz 1993) , and it is considered to be the oldest of the African Great Lakes. Although the number of cichlid species in this lake (Ͼ170 species; Poll 1986) is smaller than those in Lake Victoria (Ͼ250 species ; Greenwood 1991) and Lake Malawi (Ͼ450 species; Greenwood 1991), the cichlid flock in Lake Tanganyika has been reported to exhibit the greatest diversity (Fryer and Iles 1972, pp. 473-520; Greenwood 1984; Coulter 1991b) . Furthermore, previous phylogenetic analyses using molecular markers (Kornfield 1991; Nishida 1991; Kocher et al. 1993 Kocher et al. , 1995 Sturmbauer and Meyer 1993; Sturmbauer, Verheyen, and Meyer 1994) have suggested that the cichlid flock in Lake Tanganyika has a much longer history than the flocks in the other two lakes and, moreover, that this lake is an evolutionary reservoir of multiple ancient lineages in East Africa. Therefore, reconstruction of the phylogenetic relationships among the species in this lake is essential if we are to elucidate the evolutionary history of all the cichlids in East Africa.
Despite the evolutionary importance of these fishes, their phylogenetic relationships, as deduced from morphological data, are very problematic, since their diversity has developed without any major anatomical changes that might be informative for such analyses (Stiassny 1991) . In spite of such difficulties, Poll (1986) classified the cichlids in Lake Tanganyika into 12 tribes on the basis of their morphological characters. However, the monophyly of most of the tribes has not yet been unequivocally confirmed, and the majority of phylogenetic relationships remain unresolved, in spite of the application to such analysis of various kinds of marker molecule, such as allozymes (Kornfield 1991; Nishida 1991) , randomly amplified polymorphic DNA (RAPD; Sültmann et al. 1995) , the control region of mitochondrial DNA (Kocher et al. 1993; Sturmbauer and Meyer 1993; Sturmbauer, Verheyen, and Meyer 1994) , and the genes for cytochrome b (Sturmbauer and Meyer 1993; Sturmbauer, Verheyen, and Meyer 1994) and subunit 2 of NADH dehydrogenase (ND2; Kocher et al. 1995) in the mitochondrial genome. Therefore, an unequivocal identification of the major monophyletic lineages, for example, the tribes, together with development of new molecular phylogenetic markers, would form a stable cornerstone for the future elucidation of the complete phylogenetic framework of cichlids in Lake Tanganyika.
In recent years, short interspersed elements (SINEs) have been shown to be excellent phylogenetic markers (Okada 1991a; Murata et al. 1993 Murata et al. , 1996 Shimamura et al. 1997; Hamada et al. 1998) . SINEs are repetitive sequences of several hundred base pairs each that are dispersed in the genomes of various multicellular organisms (Okada 1991a (Okada , 1991b Schmid and Maraia 1992) . These elements are a type of retroposon; they are members of a group of mobile DNAs that have been generated by the reintegration into the genome of reversetranscribed copies of transcripts (Weiner, Deininger, and Efstratiadis 1986) . It is generally accepted that the integration of a SINE at a new locus is an irreversible event (Okada 1991a) and that the sites of such integration are chosen almost at random (Kido et al. 1995) . These features of SINEs are particularly suitable for attempts to deduce phylogenetic relationships, because one can ignore, for the most part, any possibility of the precise excision of a SINE from a site at which it has been integrated, as well as any possibility of the independent insertion of a SINE at an orthologous locus in distantly related species (Okada 1991a; Murata et al. 1993 Murata et al. , 1996 Shimamura et al. 1997; Hamada et al. 1998) . Thus, the discovery of a SINE unit at an orthologous locus in more than two species can be regarded as proof of a common derived homologous character, namely, synapomorphy, in these species.
In the present study, we isolated members of a new family of SINEs from cichlids and used them to examine the validity of the designation of four previously identified tribes as monophyletic groups.
Materials and Methods

Samples of DNA
A total of 44 species of cichlids and 2 outgroup species (table 1) were included in the experiments that involved dot blot hybridization and/or the polymerase chain reaction (PCR; Saiki et al. 1988) . Each specimen was caught in the wild or purchased from a commercial source. Total genomic DNA was extracted from fresh, frozen, or ethanol-preserved specimens by the method of Blin and Stafford (1976) for large-scale preparation and by the method of Takasaki et al. (1996) for smallscale preparation. The extracted samples of genomic DNA were stored at 4ЊC prior to analysis.
Transcription of Total Genomic DNA In Vitro
Transcription of total genomic DNA in an extract of HeLa cells (Manley et al. 1980; Talkington, Nishioka, and Leder 1980) has been used previously for the isolation of SINEs (Endoh and Okada 1986), and we used this method to isolate SINEs from African cichlids. Transcription was performed in vitro at 29ЊC for 1 h in two tubes, each of which contained 250 l of a reaction mixture that contained 15 mM Tris-HCl (pH 7.9), 7 mM MgCl 2 , 32 mM (NH 4 ) 2 SO 4 , 0.2 mM EDTA, 1.3 mM DTT, 10% glycerol, 600 M each of ATP, UTP, and CTP, 30 M GTP that included 10 Ci [␣-32 P] GTP, 100 l of a crude extract of HeLa cells, and 15 g of sheared genomic DNA from an African cichlid. The reaction mixtures in the two tubes were then combined, yielding an RNA probe that corresponded to 1.4 ϫ 10 6 cpm on average. Each probe was used for isolation of SINEs from cichlid genomes.
Construction and Screening of Genomic Libraries and Sequencing of Cloned DNA
To isolate DNA clones with a SINE sequence, we first made a genomic library with a plasmid vector (the first stage of screening). Genomic DNA from Lepidiolamprologus elongatus (tribe Lamprologini) was digested to completion with Pst I. After removing short fragments with Size Sep 400 Spun Columns (Pharmacia Biotech, Uppsala, Sweden), we ligated DNA fragments of about 1.5 kb on average into the pUC18/Pst I vector and transformed the XL1-Blue strain of Escherichia coli with the ligated sample. We combined 10 randomly selected colonies in each vial of liquid culture and subjected 100 such vials (1,000 colonies in total) to the following screening process. An aliquot of each culture was stored at Ϫ20ЊC in 50% (v/v) glycerol. Plasmid DNA was purified from each vial, digested with Pst I, subjected to electrophoresis in a 0.6% SeaKem agarose gel (FMC BioProducts, Rockland, Maine), and transferred to a nylon membrane (Southern 1975; GeneScreen Plus, NEN Research Products, Boston, Mass.) .
Hybridization using labeled RNA, prepared as described above, was allowed to proceed at 42ЊC overnight in a solution that contained 50% formamide, 1% SDS, 1 M NaCl, and the RNA probe (7 ϫ 10 4 cpm/ml). Washing was performed at 37ЊC in 2 ϫ SSC and 1% SDS. Signals were detected by autoradiography. The cells stored in glycerol (each sample was a combination of 10 colonies) that corresponded to those giving positive signals were streaked on agar plates, and the resultant colonies were individually subjected to a second screening by the same procedure. We selected individual colonies that carried plasmids with a SINE sequence, and purified the plasmid DNA. We determined the sequence of each insert by the dideoxy chain-termination method (Sanger, Nicklen, and Coulson 1977) . For several clones, a series of deletion mutants was constructed prior to sequencing as described by Henikoff (1984) .
For extensive isolation of DNA clones that contained a SINE sequence, we screened a phage genomic library (the second stage of screening). Genomic DNA from Julidochromis transcriptus (tribe Lamprologini), Ophthalmotilapia ventralis (tribe Ectodini), Tropheus moorii (tribe Tropheini), and Haplotaxodon microlepis (tribe Perissodini) was digested completely with EcoRI. Fractions that corresponded to 2-3 kb of the digested genomic DNA were collected by centrifugation on a sucrose density gradient (10%-40%, w/v), ligated into gt10 arms (Stratagene, La Jolla, Calif.), and then packaged in vitro with Gigapack II packaging extracts (Stratagene).
For the second stage of screening, we used [␣-32 P] dCTP-labeled DNA that corresponded to nucleotide positions 27-309 of the consensus sequence in figure 1 or ␥-32 P-labeled oligonucleotides (5Ј-TCCTTGGGCAA-GACACTTCAC-3Ј, 5Ј-GGCAGCCTCGCYTCTGT-CAGT-3Ј, 5Ј-ACTGACAGAGGCGAGGCTGCC-3Ј, and 5Ј-CACTGGTGATGGCAAGCTAC-3Ј) as probes. BcaBest DNA polymerase (Takara, Tokyo, Japan) and T4 polynucleotide kinase (Nippon Gene, Tokyo, Japan) 
----
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NOTE.-The nomenclature of each species analyzed follows that of Poll (1986). a Specimens purchased from commercial sources in Japan; all other specimens were collected directly in the field.
were used for labeling with [␣-32 P] dCTP and ␥-32 P, respectively. When oligonucleotides were used as probes, hybridization was allowed to proceed at 37ЊC overnight in a solution of 6 ϫ SSC (SSC is 0.15 M NaCl and 0.015 M trisodium citrate, pH 7.0) and 1% SDS. In other cases, the conditions were 42ЊC overnight with a solution of 50% (v/v) formamide, 6 ϫ SSC, and 1% SDS.
In both cases, washing was performed with a solution of 2 ϫ SSC and 1% SDS at 37-47ЊC. Positive phage clones were isolated, and inserts were subcloned into pUC vectors and subjected to sequencing.
Each clone was identified by three letters and a number. The letters are abbreviations of the names of species from which clones were isolated. Thus, Lee, Jut, 
-An alignment of the nucleotide sequences of members of the SINE family isolated from the genomic libraries of Lepidiolamprologus elongatus (Lee1), Julidochromis transcriptus (Jut104, Jut106, Jut115, and Jut120), Ophthalmotilapia ventralis (Opv219), Tropheus moorii (Trm306, Trm311, and Trm342) and Haplotaxodon microlepis (Ham463) and those found in the nucleotide database (OAESREXN6 and G12353 [Lee and Kocher 1996] ). The sequence shown on the top line is the consensus of the 12 aligned sequences. Dots denote identity, hyphens indicate gaps, and lowercase letters indicate nucleotides that are different from the consensus. Nucleotide positions in the consensus sequence are indicated above the sequence.
Opv, Trm, and Ham stand for Lepidiolamprologus elongatus, Julidochromis transcriptus, Ophthalmotilapia ventralis, Tropheus moorii, and Haplotaxodon microlepis, respectively. The number identifies the locus at which the presence of a SINE sequence was detected.
A search was made in the DDBJ/EMBL/GenBank international nucleotide sequence database for the entire region or the 5Ј region of the consensus sequence of the isolated SINE family using the BLAST program (Altschul et al. 1990 ).
Dot Blot Hybridization
Dot blot hybridizations were performed to estimate the number of copies of SINE sequences in the genome of each cichlid. Aliquots of 1 g, 300 ng, and 100 ng of genomic DNA from 21 species of cichlids, from all over Africa as well as from South America, India, and Madagascar, together with samples of genomic DNA from two noncichlid species, were blotted on a membrane. As a positive control, DNA from Jut104, a clone that had been isolated from the genomic library of J. transcriptus and contained one unit of the SINE family, was also blotted on the same membrane. As the probe for detection of a member of the SINE family in each genome, we used [␣-32 P] dCTP-labeled DNA that corresponded to nucleotide positions 27-309 of the consensus sequence in figure 1. Hybridization was carried out at 42ЊC overnight in a solution of 50% (v/v) formamide, 6 ϫ SSC, and 1% SDS, with subsequent washing in a solution of 2 ϫ SSC and 1% SDS at 52ЊC. Hybridization signals were detected by autoradiography.
Amplification of Orthologous Loci by PCR
From the sequences of the isolated clones, we designed and synthesized a pair of primers that flanked the sequence of a SINE (table 2) . PCR was carried out in 100 l of a mixture of 1 g of genomic DNA, 100 ng of each primer, 0.2 mM dNTPs, Tth buffer (Toyobo, Tokyo, Japan), and 2 U of Tth DNA polymerase (Toyobo). Thirty cycles of PCR were carried out, with each cycle involving denaturation at 93ЊC for 1 min, annealing at 45-55ЊC for 1 min, and extension at 72ЊC for 1 min. Each sample was analyzed by electrophoresis in a gel that contained 2.2% (w/v) NuSieve GTG and 0.8% (w/v) SeaKem GTG agarose (FMC BioProducts, Rockland, Maine), after phenol-chloroform extraction and precipitation in ethanol. Bands of DNA were stained with ethidium bromide and visualized under UV irradiation. When sequencing of the product of PCR was necessary, the product was ligated into the pT7Blue TVector (Novagen, Madison, Wis.) and used as a template.
Analysis by Southern Hybridization of Products of PCR
After gel electrophoresis, products of PCR were transferred (Southern 1975 ) onto a nylon membrane (GeneScreen Plus, NEN Research Products) under the conditions recommended by the manufacturer. Southern hybridization for detection of SINE sequences was performed under the same conditions as those for dot blot hybridization. Membranes were washed in a solution of 2 ϫ SSC and 1% SDS at 55ЊC. After autoradiography, the probe was removed from the membrane for the next hybridization under the conditions recommended by the manufacturer (NEN Research Products). In the next hybridization for detection of the flanking region of the SINE unit at each locus, [␣-32 P] dCTP-labeled DNA that corresponded to the region flanked by the appropriate set of primers (table 2 and fig. 2 ) from each isolated clone was used as the probe. Hybridization and washing conditions were the same as those for the initial hybridization. In both hybridization experiments, signals were detected by autoradiography.
Results and Discussion
Characterization of a Novel Family of SINEs in Cichlids
A total of 10 clones that contained sequences of SINEs was isolated from genomic libraries of L. elongatus (Lee1), J. transcriptus (Jut104, Jut106, Jut115, and Jut120), O. ventralis (Opv219), T. moorii (Trm306, Trm311, and Trm342), and H. microlepis (Ham463). An alignment of the sequences of these clones showed that, in each, a sequence of about 310 bp was homologous to the others ( fig. 1) . In a computer search for similar sequences, we found two sequences in noncoding regions of genomes of African cichlid species, even though these sequences had not previously been identified as SINEs ( fig. 1 ; OAESREXN6 from Oreochromis niloticus and G12353 from Oreochromis aureus [Lee and Kocher 1996] ). All of these sequences appeared to belong to a single family of SINEs, and this family was named the AFC (African cichlid) family. Members of this SINE family were 292-328 bp long, although in the case of G12353, the 5Ј region was considerably truncated. A tRNA-related sequence with conserved promoters for RNA polymerase III (Galli, Hofstetter, and Birnstiel 1981) was found in the 5Ј regions of members of the AFC family (see below), as it is in the majority of other SINE families that have been reported to date (see references in Okada 1991a in Okada , 1991b Ohshima et al. 1993; Okada and Ohshima 1995) .
A homology search of the nucleotide sequence database indicated that the nucleotides at positions 1-74 ( fig. 1 ) in the AFC family are similar to sequences of tRNA Arg , tRNA Asn , and tRNA Lys . The overall similarities between this region of the AFC family and these tRNAs were calculated as 74.0% for tRNA Arg , 75.7% for tRNA Asn , and 68.4% for tRNA Lys if we assume indels that maximize these values. Figure 3 shows comparisons of sequences and structures between the AFC family and these tRNAs. Although many SINE families appear to have evolved from specific tRNAs (see references in Okada 1991a Okada , 1991b Ohshima et al. 1993; Okada and Ohshima 1995) , we cannot specify one species of tRNA as the origin of the 5Ј region of the AFC family because of the accumulation of nucleotide substitutions within the sequence of the original tRNA.
The Extensive Distribution of the AFC Family Among African Cichlids
To examine the distribution of members of the AFC family in cichlid fishes, we performed a dot blot hybridization experiment. Although the intensity of signals varied among species, we detected the sequence of this family in all of the African cichlids that we examined FIG. 3.-Sequence and structural comparisons between the tRNA-homologous region (nucleotides 3-74) of the consensus sequence of the AFC family (A) and a gene for tRNA Arg from Caenorhabditis elegans (B; Wilson et al. 1994 ), a gene for tRNA Asn from human (C; Ma et al. 1984) , and a cDNA from yeast tRNA Lys (D; Madison and Boguslawski 1974) . In B-D, nucleotides identical to the consensus of the AFC family are boxed. In the alignment of the sequences, we assumed indels in order to maximize the homologies. The first and second promoter regions for RNA polymerase III were inferred on the basis of the sequence reported by Galli, Hofstetter, and Birnstiel (1981) and are indicated as bold letters in A. Dots denote complementary base pairings in putative stem regions.
( fig. 4) . By contrast, cichlids from the New World, Asia, and Madagascar, as well as species belonging to the Pomacentridae and Salmonidae families that we used as outgroups, did not yield any significant signals. These results suggest that the AFC family is present specifically in the genomes of cichlids in Africa and is absent from non-African species. Even if the sequence were present in the latter species, the copy number per genome might be smaller or the extent of sequence similarity might be lower than is the case for African cichlids. By comparing the intensity of signals with that due to a clone that contained one unit of the AFC family, we estimated the copy numbers of members of this family per haploid genome of African cichlids to be between about 2 ϫ 10 3 and 2 ϫ 10 4 , for a putative haploid genome of 10 9 bp. This estimate corresponds to about 0.06%-0.6% of the entire genome if our assumption of the size of the genome is correct. 
Monophyly of the Tribe Lamprologini
To determine the presence or absence of a unit of the AFC family of SINEs at orthologous loci in various tribes of cichlids in Lake Tanganyika, we carried out experiments as follows. From an inspection of the flanking sequences of the isolated cloned DNAs that included a SINE in the AFC family, we designed a pair of primers that flanked the unit and performed PCR with the genomic DNA from various cichlids as template (see table  2 for the sequences of the primers). The reactions for six orthologous loci, which corresponded to clones Lee1, Jut104, Jut120, Opv219, Trm306, and Ham463 among the 10 clones that we isolated ( fig. 1) , produced amplified fragments from the genomic DNAs of almost all of the species examined in this experiment. However, with respect to the remaining four loci, difficulties in the design of primers or the absence of products of PCR in a large number of the species that we examined hindered further investigations of these loci.
Among the six loci that we successfully amplified by PCR, loci 1, 104, and 120, all of which were isolated from the genomic libraries of species in the tribe Lamprologini, yielded similar patterns after PCR. In the case of locus 1, longer products which contained a unit of the AFC family were amplified from the genomes of all 12 species examined in the tribe Lamprologini, as shown in panel a in Figure 5A . In addition to these species, Astatotilapia burtoni, which is classified to the tribe Haplochromini, produced a fragment of similar (but slightly shorter) length. By contrast, representative species of other tribes in Lake Tanganyika produced shorter fragments, which suggested the absence of a SINE sequence at this locus.
To confirm this result, we transferred the products of PCR to a nylon membrane and then subjected them to Southern hybridization with two different probes. The first hybridization experiment was performed with the SINE probe for detection of members of the AFC family, and it confirmed that the longer products of PCR that had been amplified from the genome of the species in Lamprologini really did contain a unit of this family ( fig. 5A, panel b) . In the case of the fragment generated from A. burtoni, no signal was produced. Cloning and sequencing of this fragment confirmed that the increased length of this fragment was due to insertion of 274 bp of a sequence that was not homologous to the AFC family in the 5Ј-flanking region of this locus (data not shown). In the subsequent hybridization experiment, we used a probe that was specific for the flanking region of the unit at this locus, confirming that all the longer and shorter products had truly been amplified from the orthologous locus ( fig. 5A, panel c) .
For further confirmation that shorter fragments did not include the SINE sequence of the AFC family, we cloned and sequenced one of these fragments ( fig. 2A) . Its sequence was aligned with that of the parental clone, designated Lee1, which had been isolated initially from a genomic library of L. elongatus. In the shorter fragment, the SINE sequence of the AFC family was completely absent at the expected insertion site, and 11 bp Monophyly of Cichlid Tribes in Lake Tanganyika 401 ← FIG. 5.-The Lamprologini-specific insertion of a unit of the AFC family. These patterns were obtained during the analysis of products of PCR for detection of loci 1 (A), 104 (B), and 120 (C) in cichlid species. Each group of panels designated A-C contains a photograph of an agarose gel and two autoradiograms: a, the electrophoretic profile of products of PCR; b, the results of Southern hybridization with these products, which was designed to detect a cichlid SINE sequence; and c, rehybridization of the same blot for detection of each specific locus. Closed and open arrowheads indicate the expected mobilities of amplified fragments with and without insertion of a SINE, respectively. of a sequence which had been duplicated upon the integration of the SINE in the common ancestor of the Lamprologini was found at this site. Thus, the unit of the AFC family appeared to have been integrated at this locus in the common ancestor of all the examined species of Lamprologini.
In the case of locus 104, longer products of PCR were observed in the analysis of all the examined species of Lamprologini, whereas shorter products were obtained from other species (fig. 5B, panel a) . The presence of the sequence of an AFC SINE at this locus in all of the species that yielded the longer products of PCR was confirmed by the hybridization experiment with the SINE probe ( fig. 5B, panel b) . In the next hybridization experiment, we confirmed that all but one of the shorter products had been amplified from the orthologous locus. However, no signal was observed for Tylochromis polylepis, which belongs to the tribe Tylochromini ( fig. 5B, panel c) . The phylogenetic position of Tylochromis as an outgroup of the tribe Lamprologini was confirmed by isolation of loci 1 and 120 (see below). With respect to the other shorter fragments, amplification from a truly orthologous locus and the absence of the sequence of the AFC family were further confirmed by cloning and sequencing of one of the fragments ( fig. 2B) . Thus, the SINE sequence appeared to have been inserted at this locus in the common ancestor of the Lamprologini.
Locus 120 also yielded a similar pattern after PCR and Southern hybridization ( fig. 5C ). We obtained amplified fragments from this locus for all but one of the species examined. The longer products of PCR ( fig. 5C , panel a) and the signals obtained in the initial hybridization experiment ( fig. 5C, panel b) with almost all of the species of Lamprologini examined suggest that a SINE sequence is uniquely shared at this locus in these species. In the case of Lamprologus lemairii, however, we failed to obtain any product of PCR with our combination of primers. The next hybridization experiment ( fig. 5C , panel c) and sequencing of a shorter product ( fig. 2C ) confirmed that the shorter fragments obtained from the representative species of all of the other tribes were also derived from the orthologous locus. Integration of the sequence of the AFC family appears to have taken place in the common ancestor of the species of the Lamprologini from which the products of PCR were obtained.
All three loci, namely, loci 1, 104, and 120, included SINE sequences of the AFC family in the various species of the Lamprologini. The Lamprologini is the largest tribe in Lake Tanganyika and is composed of 60 species (7 genera). This number of species corresponds to about 35% of all the cichlid species in the lake (Poll 1986) . The morphological, behavioral, and ecological diversity of this group is extremely high (Hori 1983 (Hori , 1987 (Hori , 1997 Nagoshi 1983; Kuwamura 1986; Brichard 1989, p. 325; Barlow 1991; Coulter 1991a; Gashagaza 1991; Keenleyside 1991; Yamaoka 1991 ), and Poll (1986 was the first to propose assignment of these species to a single taxonomic unit, the Lamprologini. This assignment was supported by a subsequent morphological study by cladistic analysis (Stiassny 1991) . More recent molecular phylogenetic analyses using allozymes (Nishida 1991) , sequences of mitochondrial DNA (Sturmbauer, Verheyen, and Meyer 1994; Kocher et al. 1995) , and RAPD sequences (Sültmann et al. 1995) also suggested the monophyly of this tribe. The results of the present study lend strong support to these observations, showing the independent integration of SINE sequences at three loci in the common ancestor of the Lamprologini.
A Long Basal Branch of the Lamprologini
During the screening of clones that contained sequences of the AFC family in the genomic libraries of the Lamprologini species, no locus was isolated that revealed the common insertion of sequences in the AFC family in certain genera or species of this tribe, while all of the above-described three loci included the SINE unit in all of the species of the Lamprologini that we investigated. One explanation of this result is the possible irregular rate of amplification of the AFC family. If the frequency of amplification of this family had been higher in the common ancestor of this tribe than the frequency of amplification during the radiation of the extant genera or species, such a pattern of insertion of a SINE unit would be observed frequently. Alternatively, but not exclusively, it is also possible that the radiation of the extant genera or species of this tribe might have occurred after a relatively long time had elapsed since the divergence of the common ancestor of this tribe from other lineages. This hypothesis is consistent with the fact that the basal branch of the Lamprologini was supported by relatively higher bootstrap values than were internal branches among genera or species of this tribe in a previous molecular phylogenetic study of mitochondrial DNA sequences (Sturmbauer, Verheyen, and Meyer 1994) . We consider the latter hypothesis more parsimonious, because we do not have to postulate the incidental acceleration or deceleration of the rate of amplification of the AFC family before or during the radiation of this tribe. Nishida (1991 Nishida ( , 1997 proposed that the cichlid flock in Lake Tanganyika is a polyphyletic conglomerate with many ancient lineages, each of which is derived from a riverine ancestor (see also Sturmbauer, Verheyen, and Meyer 1994) . He also postulated that their invasion of the lacustrine habitat and subsequent adaptive radia-FIG. 6.-The Ectodini-specific insertion of a unit of the AFC family. These patterns were obtained during the analysis of the products of PCR for detection of locus 219 in cichlid species. The three panels (a-c) are arranged in the same manner as those in figure 5. tion originally took place from the middle to the end of the Miocene, when a mosaic of small lakes was progressively formed in this region (Tiercelin and Mondeguer 1991) . Each of the ancestral lineages might have invaded such lakes independently and radiated in parallel, and then these small lakes might have merged to form Lake Tanganyika, a single large lake basin (Nishida 1997) . This scenario provides two alternative explanations for the relatively long internode observed for the common ancestor of the extant species of the Lamprologini, given the general observation that cichlids radiate rapidly when they invade a new lacustrine habitat (Sage et al. 1984; Meyer et al. 1990; Kornfield 1991; Schliewen, Tautz, and Pääbo 1994; Johnson et al. 1996) . First, the ancestral lineage of this tribe might have diverged from other lineages in a river long before the invasion of the lake. According to this hypothesis, the long basal branch of the Lamprologini reflects the period when the ancestral lineage inhabited a riverine habitat. The subsequent invasion of the lake caused the adaptive radiation of these fish. Second, it is also possible that the divergence of the ancestral lineage of the Lamprologini from other lineages took place as a result of its colonization of the lake but that the radiation of the extant species of this tribe occurred much later than the colonization. This hypothesis suggests that species that originally radiated just after the colonization of the lake have become extinct, apart from the lineages that led to the extant members of the Lamprologini. In this case, the long basal branch of the Lamprologini would reflect the absence of the extant species that branched off during the earlier period in the lacustrine habitat as a result of their extinction. This hypothesis is in good agreement with Nishida's (1997) proposal that such extinction might have occurred after the fusion of the paleolakes because of competition among the groups that had radiated in the various lakes independently.
As indicated above, the pattern of insertion of members of the AFC family seems to reflect the historical and biogeographical background of the establishment of the Lamprologini. However, a more extensive survey of the morphology, ecology, and behavior, as well as the molecular phylogeny, will be necessary to test the validity and the generality of the hypothetical scenarios.
Monophyly of the Tribe Ectodini PCR for locus 219 produced longer fragments in all of the nine species of the tribe Ectodini examined, while species of other tribes produced shorter fragments at this locus ( fig. 6, panel a) . The one exception was T. polylepis, which did not yield any product. The results were confirmed by Southern hybridization experiments with two kinds of probe ( fig. 6 , panels b and c) and cloning and sequencing of one of the shorter fragments ( fig. 2D) .
The Ectodini is the second largest tribe in Lake Tanganyika, being composed of 30 species that have been assigned to 13 genera (Poll 1986 ). This tribe exhibits striking diversity, which is comparable to that of the Lamprologini in morphology, ecology, and behavior (Hori 1987 (Hori , 1997 Liem 1981 Liem , 1991 Kuwamura 1986; FIG. 7.-The Tropheini-specific insertion of a unit of the AFC family. These patterns were obtained during the analysis of the products of PCR for detection of locus 306 in cichlid species. The three panels (a-c) are arranged in the same manner as those in figure 5. Yamaoka 1991 Yamaoka , 1997 Sturmbauer and Meyer 1993) , but it includes only mouthbrooding species. Five genera of this tribe were formerly grouped into the ''Ophthalmotilapia assemblage'' by Liem (1981) on the basis of comparative osteology and myology, and this assemblage was extended to 10 genera in a more extensive study by Greenwood (1983) . The assemblage was further extended and reconstructed by Poll (1986) to generate the tribe Ectodini, and the monophyly of this tribe was supported by analyses of mitochondrial DNA sequences by Sturmbauer and Meyer (1993) and Kocher et al. (1995) . The present analysis suggests the existence of a common ancestor of the eight genera of the Ectodini examined. These genera include two genera of ''Ophthalmotilapia assemblage'' discussed by Liem (1981) , all the genera added by Greenwood (1983) , and one of the genera added by Poll (1986) . Thus, the monophyly of the Ectodini was unambiguously confirmed by our analysis with the SINE method.
Monophyly of the Tribe Tropheini
In the case of PCR analysis of locus 306, all of the seven examined species in the tribe Tropheini produced DNA fragments of sizes that would be expected to contain one unit of the SINE (fig. 7, panel a) . Southern hybridization experiments with two kinds of probe ( fig.  7 , panels b and c) and cloning and sequencing of one of the shorter fragments ( fig. 2E) showed that all of the products of PCR were derived from the same orthologous locus and that the products obtained from the species in the tribe Tropheini truly contained a member of the AFC family. The longest fragment, observed for Cyathopharynx furcifer, did not give any signal in the hybridization experiment with the SINE sequence of the AFC family as the probe ( fig. 7, panel b) . Cloning and sequencing of this fragment revealed that 823 bp of a sequence that was not homologous to the AFC family had been integrated in the 5Ј-flanking region of this locus and that no unit of the AFC family was present in the product of PCR.
Since it has been suggested that the Tropheini are closely related to the cichlid flocks in Lakes Victoria and Malawi, we also included representative species from these lakes in our analysis with the SINE method. We found that the latter species did not have an AFC SINE unit at this locus (data not shown). Thus, it appears that the SINE sequence of this family was inserted at this locus in the common ancestor of species of the Tropheini examined in this study after the divergence of the lineages that led to the species flocks in Lakes Victoria and Malawi.
The Tropheini is the next largest tribe after the Lamprologini and the Ectodini in Lake Tanganyika; it includes 23 species assigned to seven genera. An earlier taxonomic study of several members (Tropheus, Simo- chromis, and Pseudosimochromis) of this tribe was carried out by Nelissen (1979) . Poll (1986) proposed, however, that the tribe Tropheini should include additional genera. Earlier molecular phylogenetic studies failed to resolve the monophyly of the genera in this tribe (Kocher et al. 1993 ), or they supported the monophyletic origin of representative genera of this tribe with only a relatively low bootstrap value (78%; Kocher et al. 1995) . The present analysis of species from five representative genera of the Tropheini provides stronger evidence for the formation of a monophyletic group by these members than do any previous molecular studies.
Monophyly of the Tribe Perissodini
With respect to locus 463, longer products were uniquely observed in all of the five species in the tribe Perissodini that we examined ( fig. 8, panel a) . The subsequent Southern hybridization experiments ( fig. 8 , panels b and c) and sequencing of a shorter product ( fig.  2F ) confirmed the specific amplification by PCR from this locus and the unique integration of a SINE unit of the AFC family in the Perissodini.
This tribe includes eight species assigned to four genera, and the members of this group, with the exception of H. microlepis, have a characteristic feeding habit, namely, scale-eating (Fryer and Iles 1972, pp. 60-104; Hori 1987 Hori , 1997 Coulter 1991a; Yamaoka 1991 Yamaoka , 1997 . Seven species of scale-eaters were once assigned to a single genus Perissodus (Liem and Stewart 1976), but Poll (1986) established the tribe Perissodini by dividing the genus Perissodus into three genera and by adding H. microlepis to this tribe. Since the monophyly of this tribe has not previously been clearly demonstrated by any molecular phylogenetic studies, our study provides the first molecular support for the presence of a common ancestor of the Perissodini.
The Tribes and Their Feeding Habits
Elucidation of modes of adaptive radiation requires not only descriptions of the diversity of various characters themselves, but also an understanding of the processes of evolution of these characters based on phylogenetic information. In this study, we established the monophyly of the tribes Lamprologini, Ectodini, Tropheini, and Perissodini from patterns of insertion of SINEs of the AFC family. From this solid phylogenetic information, we can now compare the variations in feeding habits, which have been considered to be the major components of the diversity of cichlids in the East African lakes (Fryer and Iles 1972, pp. 473-520; Barel 1983; Greenwood 1984; Hori 1987 Hori , 1997 Liem 1991; Yamaoka 1991 Yamaoka , 1997 ). There are five major trophic groups of Tanganyikan cichlids, namely, epilithic algal feeders, scale-eaters, piscivores, zoobenthos feeders, and planktivores (Yamaoka 1997) , in addition to omnivores. Of the species investigated by PCR in this study, those belonging to the Lamprologini include epilithic algal feeders, piscivores, and zoobenthos feeders; those belonging to the Ectodini include epilithic algal feeders and zoobenthos feeders; those belonging to the Tropheini include epilithic algal feeders and zoobenthos feeders; and those belonging to the Perissodini include scale-eaters and omnivores (Hori, Yamaoka, and Takamura 1983 , 1987 Yamaoka 1991; Sturmbauer and Meyer 1993; Sturmbauer, Verheyen, and Meyer 1994) . Multiple types of trophic sources are utilized by species in each tribe, and both epilithic algal feeders and zoobenthos feeders are included in each of the tribes Lamprologini, Ectodini, and Tropheini. If we consider this observation in a parsimonious manner, we are forced to postulate that the specialization to epilithic algal feeders and/or zoobenthos feeders must have been accomplished in parallel in all three tribes during their adaptive radiations, irrespective of the ancestral state of their feeding habits. This fact can be partly explained by a scenario wherein the adaptive radiation of each tribe occurred independently in each distinct paleolake, as proposed by Nishida (1997) , since somewhat similar adaptive radiation might have occurred in each paleolake in the absence of possible competition among the fauna in respective paleolakes.
However, it is also true that the composition of trophic sources utilized differs among the tribes. Moreover, even when certain species in different tribes seem to share the same trophic resource, different modes and extents of specialization are apparent. For example, syncranial osteological features, intestinal coiling patterns, and feeding behaviors of epilithic algal feeders have evolved intrinsically within the tribes Tropheini, Eretmodini, Ectodini, and Lamprologini (Yamaoka 1997) . More detailed phylogenetic analyses on intra-(see Sturmbauer and Meyer 1993; Sturmbauer, Verheyen, and Meyer 1994) and intertribe relationships will help to identify the factors that affected the similarity and divergence in feeding habits among the monophyletic tribes.
Possible Contribution of the Amplification of SINEs of the AFC Family to the Rapid Speciation of Cichlids
The amplification of SINEs of the AFC family in the various lineages of cichlids in Lake Tanganyika prompts us to speculate about the molecular mechanism responsible for the high rate of speciation of these fishes. It has been proposed that one possible mechanism that might have promoted the speciation is the rapid differentiation of sexually selected traits. Among such traits, coloration of the body has been considered to be particularly important (Dominey 1984; Mayr 1984; Sturmbauer and Meyer 1992; Turner 1994) . It is possible that amplification of SINEs might promote the differentiation of phenotypes such as body color among geographically isolated populations via alterations in the modes of expression of genes that affect such traits. There are recent reports (Koga et al. 1995 (Koga et al. , 1996 of a mutational change in the body color of the medaka fish (Oryzias latipes) upon insertion of a transposable element into the gene for tyrosinase. Furthermore, in addition to such phenotypic differentiation, repetitive DNAs have been suggested as causes of potential genetic incompatibility between isolated populations (Rose and Doolittle 1983) . In order to examine how the amplification of SINEs of the AFC family might have contributed to the establishment of reproductive isolation during speciation, a more detailed survey of the dynamics of their retroposition is clearly needed.
Sequence Availability
The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the accession numbers AB009699-AB009714.
